Iodidimonas muriae gen. nov., sp. nov., an aerobic iodide-oxidizing bacterium isolated from brine of a natural gas and iodine recovery facility, and proposals of Iodidimonadaceae fam. nov., Iodidimonadales ord. nov., Emcibacteraceae fam. nov. and Emcibacterales ord. nov. , isolated from natural gas brine of an iodine recovery facility in Kujukuri, Chiba, Japan, was characterized for representation of a novel species in the class Alphaproteobacteria. Phylogenetic analysis based on the 16S rRNA gene sequence revealed that the nearest neighbours of strain C-3 T were members of the genera Eilatimonas, Kordiimonas, Rhodothalassium and Temperatibacter with 88-91 % sequence similarity. Cells of strain C-3 T were aerobic, Gram-staining-negative, non-sporulating and rodshaped (1.3-3.6 µm in length). Strain C-3 T grew optimally at 30 C, pH 7.5 and with 3 % NaCl (w/v). Iodide oxidation to form molecular iodine (I 2 ) was a unique trait for strain C-3 T , whereas the strain did not utilize iodide as a sole electron donor for chemolithoautotrophic growth. The major isoprenoid quinone was Q-10. The major cellular fatty acids were C 18 : 1 !7c and C 16 : 1 !5c. The major polar lipids were phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol and unidentified aminolipids. The G+C content of the genomic DNA was 58.5 mol%. Iodide oxidation and the major cellular fatty acids composition distinguished strain C-3 T from phylogenetically related bacteria. On the basis of the phenotypic features and the phylogenetic position, a novel genus and species are proposed for strain C-3 T (=JCM 17843 T =LMG 28660 T ), to be named Iodidimonas muriae gen. nov., sp. nov. We also propose to place the distinct sublineages of the genera Iodidimonas gen. nov. and Emcibacter in the orders Iodidimonadales ord. nov. and Emcibacterales ord. nov., respectively, because these genera are located far apart from the order Kordiimonadales and form the distinct lineage in the class Alphaproteobacteria.
Iodine is an essential trace element for vertebrates because of its role as a constituent of thyroid hormones, and a poor intake of iodine in the diet leads to iodine deficiency disorders such as endemic goiter and cretinism, which are still the most common causes worldwide of mental retardation and brain damage (Hetzel, 1983; Hetzel & Mano, 1989) . On the other hand, a long-lived iodine-129 has been released from nuclear facilities into the environment. Considering that 129 I has a long half-life of 16 million years, possibly accumulates in the human thyroid gland. In this context, it is a prerequisite to better understand the microbial iodine cycle for accurate safety assessments of iodine.
Involvement of bacteria in iodine metabolism was first described in 2001 (Amachi et al., 2001) . A variety of bacterial species were found to methylate iodide (I À ; oxidation state, À1) to form methyl iodide (CH 3 I), one of the common forms of volatile iodine species in the environment. Since then, extensive studies have been performed to investigate bacterial metabolism of iodine. To date, microbial metabolisms and activities are known to be associated to a great extent with volatilization of organic iodine compounds into the atmosphere, accumulation of iodine in living organisms, oxidation and reduction of inorganic iodine species, and sorption of iodine by soils and sediments (Amachi, 2008) .
Previously, iodide-oxidizing bacteria, which catalyse the oxidation of iodide to form molecular iodine (I 2 ; oxidation state, 0), were isolated from marine environmental samples including surface seawaters and iodide-rich brine waters (Amachi et al., 2005) . These bacteria were chemo-organotrophs and divided phylogenetically into two groups (A and B) in the class Alphaproteobacteria; group A was closely related to the genus Roseovarius, and group B formed a unique lineage distantly related to the genus Rhodothalassium. Interestingly, such organisms were much more abundant in the brine than in natural seawater, strongly indicating that the organism thrives in a specific niche. This paper describes characterization of an iodide-oxidizing bacterium, strain C-3 T , within group B. On the basis of results from a polyphasic taxonomic approach, a novel genus and species are proposed for this bacterium.
The iodide-oxidizing bacterial strain C-3 T was isolated from iodide-rich brine associated with natural gas in Kujukuri, Chiba, Japan (Amachi et al., 2005) . The 16S rRNA gene of strain C-3 T was amplified by PCR, and the almost-complete 16S rRNA gene sequence (1437 bases) was determined as described previously (Iino et al., 2015) . After alignment using the ARB software (Ludwig et al., 2004) , phylogenetic trees were reconstructed by the neighbour-joining (NJ) method with the CLUSTAL X program (Saitou & Nei, 1987; Thompson et al., 1997) and the maximum-likelihood (ML) method with the MORPHY software version 2.3b3 (Felsenstein, 1981; Hasegawa et al., 1985) . In addition, the posterior probabilities of branching points were estimated by Bayesian inference (BI) using MrBayes 3.1 (Huelsenbeck & Ronquist, 2001; Ronquist & Huelsenbeck, 2003) . The topologies of the trees determined by the three methods were similar. In the phylogenetic tree of 1321 bp of the 16S rRNA gene sequences reconstructed using NJ, ML and BI methods (Fig. 1) , strain C-3 T formed a distinct sublineage with the iodide-oxidizing bacteria isolated previously (Amachi et al., 2005; Wakai et al., 2014) and was located near the genera Rhodothalassium (Imhoff et al., 1998) , Kordiimonas (Kwon et al., 2005) , Eilatimonas (Paramasivam et al., 2013) and Temperatibacter (Teramoto & Nishijima, 2014) . The grouping of the iodide-oxidizing bacteria was supported by a bootstrap percentage of 100 %. The 16S rRNA gene sequence of strain C-3 T had sequence similarities of 87.6-91.3 % to those of bacteria belonging to the four abovementioned known genera.
Six type strains of species phylogenetically related to strain C-3 T were used as reference strains: Eilatimonas milleporae JCM 30196
T (Paramasivam et al., 2013) , Kordiimonas aestuarii JCM 17742
T (Math et al., 2012) , Kordiimonas aquimaris JCM 16665 T (Yang et al., 2013) , Kordiimonas gwangyangensis JCM 12864 T (Kwon et al., 2005) , Kordiimonas lacus JCM 16261 T (Xu et al., 2011) and Temperatibacter marinus JCM 30871 T (Teramoto & Nishijima, 2014) . Strain C-3 T and the six type strains were maintained on marine agar 2216 (Becton Dickinson) at 30 C. The basal medium used for phenotypic characterization, designated YSw medium, was composed of (l À1 ): 0.54 g NH 4 Cl, 0.14 g KH 2 PO 4 , 0.15 g CaCl 2 . 2H 2 O, 4.0 g MgCl 2 . 6H 2 O, 18.0 g NaCl, 2.5 g NaHCO 3 , 1.0 g yeast extract (Becton Dickinson) and 1.0 ml of a trace elements solution (Iino et al., 2015) . The pH of the medium was adjusted to pH 7.0 with 6 M HCl, and 10 ml of the medium was dispensed into test tubes with screw caps. Prior to inoculation, 0.1 ml of a vitamin solution (Wolin et al., 1963) was added to each tube by filtration through a 0.2 µm-pore membrane filter. The isolate was cultivated in 10 ml of medium dispensed into screw-capped tubes by inoculation with a 1/1000 dilution of the preculture. Bacterial growth was determined by an increase of turbidity at 660 nm using a spectrophotometer. Bacterial growth was determined at temperatures of 4 C and 10-45 C at 5 C intervals, an initial pH range of pH 3.5-9.0 at 0.5 pH unit intervals and a range of NaCl concentration of 0-15 % (w/v) at 0.5 or 1 % (w/v) intervals. Utilization of electron acceptors was determined in the YSw medium under anaerobic conditions by flushing with N 2 /CO 2 (4 : 1, v/v). Utilization of electron donors was determined in the YSw medium without NH 4 Cl and yeast extract under aerobic conditions. Photosynthetic growth was determined at a light intensity of 2500 lux. Catalase reaction was tested by placing drops of 3 % (v/v) H 2 O 2 solution directly on cells harvested on marine agar 2216 and observing gas evolution. Oxidase reaction was tested using a Cytochrome Oxidase Test Strip (Nissui) according to the manufacturer's instructions. Iodide oxidation was determined by the formation of purple pigment on marine agar 2216 containing 1.0 g potassium iodide l À1 and 1.2 g soluble starch l À1 according to the method by Amachi et al. (2005) . Hydrolysis of aesculin was determined by the formation of black pigment on marine agar 2216 containing 1.0 g aesculin l À1 and 0.5 g ferric citrate l À1 by referring to the method by Edberg et al. (1977) . Liquefaction of gelatin was determined by keeping the culture at 4 C after cultivation at 30 C for 1 week in marine broth 2216 (Becton Dickinson) containing 120 g gelatin l À1 by referring to the method by Pickett et al. (1991) . The API 20 NE kit (bioM erieux) was used for assessing biochemicall characteristics according to the manufacturer's instructions, with the exception that the cells were suspended in half-strength AUX medium supplemented with artificial seawater SF-1 (Tomita Pharmaceutical). Cells of strain C-3 T cultured on marine agar 2216 at 30 C for 3 days were harvested for the determination of the chemotaxonomic properties.
Cells of strain C-3 T cultured on marine agar 2216 at 30 C for 2 days were rods and approximately 1.3-3.6 µm long and 0.5-1.1 µm wide under a phase-contrast microscope (Fig. 2a) . Vibrating motility was observed, and spore formation was not observed. Cells were stained Gram-negatively by conventional Gram staining. The colony appearance of strain C-3 T was circular, convex, opaque, entire margins and creamy white in colour with 0.5-1.5 mm in diameter on marine agar after cultivation for 7 days. Under transmission electron microscopy, ultrathin sections of whole cells of strain C-3 T stained with uranyl acetate and lead citrate revealed a cytoplasmic membrane surrounded by a surface layer (Fig. 2b) . Several spherical granules staining poorly were scattered within the cells of strain C-3 T , and an intracellular material staining moderately was located on the sides of the cells.
Strain C-3
T was a chemo-organotrophic and an aerobic bacterium and could not grow fermentatively in YSw medium containing 10 mM D-glucose under a N 2 /CO 2 (4 : 1, v/v) atomosphere. Catalase and oxidase reactions were positive. The growth temperature for strain C-3 T ranged from 4 to 40 C, with an optimum of 30 C. No growth was observed at -; E, 100/99/100; F, 100/100/100. -, Corresponding nodes were not recovered in the tree generated with the ML or BI algorithms. Bar, 0.02 substitions per nucleotide position.
45
C. The pH range for growth was pH 4.5 to 8.5, with an optimum pH range being pH 7.5. No growth was observed at pH 4.0 or 9.0. Growth occurred in medium containing 0.5-9 % (w/v) NaCl, with the optimum being 3 % (w/v) NaCl. No growth was observed without NaCl or with 10 % (w/v) NaCl. Strain C-3 T grew using oxygen (approximately 20 %, w/v in air) as the electron acceptor in the presence of 0.1 % (w/v) yeast extract as the electron donor. Sulfate (10 mM), sulfite (2 mM), thiosulfate (5 mM), elemental sulfur (1 %, w/v), nitrate (10 mM), nitrite (2 mM), iron (III) oxide (2 mM) and iron (III) chloride (2 mM) were not utilized as alternative electron acceptors in the presence of yeast extract. In addition to yeast extract, strain C-3 T grew using 0.1 % (w/v) soluble starch as the electron donor in air and grew weakly using acetate, Dglucose, maltose and sucrose (all at 10 mM). H 2 /CO 2 (4 : 1, v/ v), sulfide (2 mM), thiosulfate (5 mM), sulfite (2 mM), ammonium (10 mM) nitrite (2 mM), iodide (2 mM), methane (5 %, v/v), methanol (10 mM), citrate (10 mM), L-lactate (10 mM), pyruvate (10 mM), DL-malate (10 mM), succinate (10 mM), D-ribose (10 mM), D-mannose (10 mM) and lactose (10 mM) were not utilized as sole electron donors in air. Strain C-3 T formed purple pigment on marine agar 2216 by iodide oxidation, but E. milleporae JCM 30196 . Strain C-3 T formed black pigment on marine agar 2216 by hydrolysis of aesculin and did not liquefy gelatin in marine broth 2216. The culture of strain C-3 T was solidified at 4 C by gelatin after cultivation at 30 C for 1 week. By using the API 20 NE system (Bio-M erieux), strain C-3 T gave a positive result for hydrolysis of aesculin and assimilation of D-glucose and maltose, a weakly positive result for assimilation of capric acid and a negative result for reaction to the other substrates.
The major isoprenoid quinone was identified as isoprenoid quinone 10 (Q-10), determined using the HPLC method described by Komagata & Suzuki (1987) . The polar lipids of strain C-3 T mainly comprised phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol and unidentified aminolipids as determined by using two-dimensional TLC with spraying 5 % ethanolic molybdophospholic acid, ninhydrin, Dittmer and Lester reagent, anisaldehyde reagent and Dragendorff reagent, as described by Lechevalier et al. (1977) and Minnikin et al. (1984) (Fig. S1 , available in the online Supplementary Material). The major cellular fatty acids of strain C-3 T were summed feature 8 identified as C 18 : 1 !7c (38.0 %) and C 16 : 1 !5c (17.2 %), as determined by using the MIDI microbial identification system (Microbial ID; Agilent Technologies) based on the method described by Sasser (1990) (Table S1 ). C 17 : 1 !6c (8.4 %) and C 18 : 1 2-OH (8.4 %) were also detected as minor components. The genomic DNA G+C content of strain C-3 T was 58.5 mol%, determined by the HPLC method described by Tamaoka & Komagata (1984) .
Morphological, biochemical and physiological properties of strain C-3 T , along with those of members of the phylogenetically related genera, are summarized in Table 1 . Remarkably, iodide oxidation is a unique trait for strain C-3 T , whereas iodide did not support the growth as the sole electron donor for chemolithoautotrophic growth. Furthermore, strain C-3 T differed in the composition of major cellular fatty acids from the related bacteria as shown in Table 1 . On the basis of the distinct phylogenetic position, Iodidimonas muriae gen. nov., sp. nov.
biochemical and physiological properties and chemotaxonomic property described above, strain C-3 T could be distinguished significantly from members of the related four genera, namely Eilatimonas, Kordiimonas, Rhodothalassium and Temperatibacter. Consequently, a novel species in a new genus, Iodidimonas muriae gen. nov., sp. nov., is proposed for strain C-3 T .
The 16S rRNA gene sequence analysis revealed that the lineage accommodating strain C-3 T was clearly and completely separated from the orders Kordiimonadales and Rhodothalassiales, and its phylogenetic independence was strongly supported by a bootstrap percentage of 100 % in all the methods applied. Thus, this lineage was considered novel at a higher hierarchical level such as an order-level taxon in the class Alphaproteobacteria. Recently, Emcibacter nanhaiensis was proposed as a member of the order Kordiimonadales (Liu et al., 2015) . In the phylogentic tree reconstructed by Liu et al. (2015) , however, the phylogenetic affiliation of the genus Emcibacter in the order Kordiimonadales was not supported well by bootstrap percentage. In our study, E. nanhaiensis formed the distinct lineage together with non-iodide-oxidizing bacterium strain MAT35, which was isolated from brine in an iodine production facility in the Boso peninsula, Chiba, Japan (Wakai et al., 2014) , and was located far apart from the order Kordiimonadales. Its phylogenetic independence was strongly supported by a bootstrap percentage of 100 % in all the methods used. This fact indicates that a novel order should be created for the single genus and species E. nanhaiensis. Therefore, we also propose two novel orders for the distinct lineages accommodating the genera Iodidimonas gen. nov. and Emcibacter, to be named Iodidimonadales ord. nov. and Emcibacterales ord. nov., respectively. The proposal of the novel orders follows the description of novel two families for these bacteria, Iodidimonadaceae fam. nov. and Emcibacteraceae fam. nov., respectively.
Description of Iodidimonas gen. nov.
Iodidimonas (Io.di.di.mo¢nas. N.L. neut. n. iodidum iodide; L. fem. n. monas a monad, unit; N.L. fem. n. Iodidimonas iodide-oxidizing rod).
Aerobic, mesophilic, neutrophilic, moderately halophilic and chemo-organotrophic bacteria. Cells form rods. Gramstaining negative, motile and non-sporulating. Catalasepositive and oxidase-positive. Oxidize iodide on marine agar 2216. Fermentative growth is not observed. The major Kwon et al., 2005; Math et al., 2012; Xu et al., 2011; Yang et al., 2013] ; 3, Eilatimonas (n=1; Paramasivam et al., 2013); 4, Temperatibacter (n=1; Teramoto & Nishijima, 2014); 5, Rhodothalassium (n=1; Drews, 1981; Imhoff et al., 1998; Venkata Ramana et al., 2013; Imhoff, 2005) . +, Positive; À, negative; ND, no data available. 
Characteristic
58.5 50-55 60 44 60-62.8 *B, butyrous; P, pink; R, red; W, creamy white; Y, light yellow. †Data from this study. ‡Values indicate NaCl concentrations added to the basal medium. §Major fatty acid was defined as 10 % or more of total fatty acids. Summed features represent a mixture of fatty acids that cannot be separated by the MIDI system. Summed feature 3 contained C 16 : 1 !7c and/or iso-C 15 : 0 2-OH.
isoprenoid quinone is Q-10. The major cellular fatty acids are C 18 : 1 !7c and C 16 : 1 !5c. The major polar lipids are phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol and an unidentified aminolipid. The G+C content of genomic DNA of the type strain of the type species is 58.5 mol%. Represents a distinct phylogenetic lineage in the family Iodidimonadaceae and the order Iodidimonadales of the class Alphaproteobacteria based on 16S rRNA gene sequence analysis. The type species is Iodidimonas muriae.
Description of Iodidimonas muriae sp. nov.
Iodidimonas muriae (mu¢ri.ae. L. fem. gen. n. muriae of a brine).
The following properties are given in addition to the genus description. Cells are 1.3-3.6Â0.5-1.1 µm in size. Growth occurs between 4 and 40 C with the optimum growth at 30 C. The pH range for growth is pH 4.5-8.5 with an optimum around pH 7.5. The NaCl range for growth is 0.5-9 % (w/v), with an optimum at 3 % (w/v) NaCl. Description of Iodidimonadaceae fam. nov.
Iodidimonas type genus of the family; -aceae ending to denote a family; N.L. fem. pl. n. Iodidimonadaceae family of the genus Iodidimonas).
The family Iodidimonadaceae is defined on the basis of a phylogenetic tree reconstructed by phylogenetic analysis of 16S rRNA gene sequence. The family accommodates the genus Iodidimonas. Gram-staining-negative and aerobic. Oxidize iodide on marine agar 2216. The major respiratory quinone is Q-10. The major cellular fatty acids are C 16 : 1 !5c and C 18 : 1 !7c. The major polar lipids are phosphatidylethanolamine, phosphatidylglycerol, diphosphatidylglycerol and an unidentified aminolipid. The type genus is Iodidimonas.
Description of Iodidimonadales ord. nov.
Iodidimonadales (Io.di.di.mo.na.da¢les. N.L. fem. n. Iodidimonas type genus of the order; -ales ending to denote an order; N.L. fem. pl. n. Iodidimonadales order of the genus Iodidimonas).
The description is the same as that for the family Iodidimonadaceae. The type genus is Iodidimonas.
Description of Emcibacteraceae fam. nov.
Emcibacteraceae (Em.ci.bac.te.ra.ce¢ae. N.L. masc. n. Emcibacter type genus of the family; -aceae ending to denote a family; N.L. fem. pl. n. Emcibacteraceae family of the genus Emcibacter).
The family Emcibacteraceae is defined on the basis of a phylogenetic tree reconstructed by phylogenetic analysis of 16S rRNA gene sequences. The family accommodates the genus Emcibacter. Gram-staining-negative and aerobic. The major respiratory quinone is Q-10. The major cellular fatty acid is summed feature 8 comprising C 18 : 1 !7c/C 18 : 1 !6c. The major polar lipids are phosphatidylethanolamine, phosphatidylglycerol, unidentified glycolipids and unidentified phospholipids. The type genus is Emcibacter.
Description of Emcibacterales ord. nov.
Emcibacterales (Em.ci.bac.te.ra¢les. N.L. masc. n. Emcibacter type genus of the order; -ales ending to denote an order; N. L. fem. pl. n. Emcibacterales order of the genus Emcibacter).
The description is the same as that for the family Emcibacteraceae. The type genus is Emcibacter.
